Abstract Laguna Chichój (Lake Chichój) is the only deep permanent lake in the central highlands of Guatemala. The lake is located in the boundary zone between the North American and Caribbean plates. The lake has been struck by devastating earthquakes and tropical cyclones in historical times. We investigated the imprint of twentieth century extreme events on the sedimentary record of this tropical lake using a bathymetric survey of the lake, coring the lake floor, and providing a chronology of sediment accumulation. The lake occupies a series of circular depressions likely formed by the rapid dissolution of a buried body of gypsum. 210 Pb and 137 Cs inventories and varve counting indicate high rates of sedimentation (1-2 cm year -1 ). The annually layered sediment is interrupted by turbidites of two types: a darker-colored turbidite, enriched in lake-derived biogenic constituents, and interpreted as a seismite, and a lightercolored type, enriched in catchment-derived constituents, interpreted as a flood layer. Comparison of our 137 Cs-determined layer ages with a catalog of twentieth century earthquakes shows that an earthquake on the Motagua fault in 1976 generated a conspicuous darker-colored turbidite and slumped deposits in separate parts of the lake. The entire earthquake inventory further reveals that mass movements in the lake are triggered at Modified Mercalli Intensities higher than V. Tropical cyclonic depressions known to have affected the lake area had limited effect on the lake, including Hurricane Mitch in 1998. One storm however produced a significantly thicker flood layer in the 1940s. This storm is reportedly the only event to have generated widespread slope failures in the lake catchment. It is thus inferred that abundant landsliding provided large amounts of concentrated sediment to the lake, through hyperpycnal flows.
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Introduction
Guatemala is a country frequently struck by devastating earthquakes due to its location over the triple junction between the North American, Caribbean and Cocos plates. The country also lies in the path of many tropical depressions and hurricanes. Lake sediments are commonly used to assess earthquake recurrence (Arnaud et al. 2002; Schnellmann et al. 2002; Monecke et al. 2004; Lauterbach et al. 2012) , flood recurrence (Arnaud et al. 2002; Wirth et al. 2011; Wilhelm et al. 2012; Swierczynski et al. 2012) , and hurricane frequency in the tropics (Malaizé et al. 2011 ). Thus far, limnological studies in Guatemala have targeted the Petén lowlands of northern Guatemala (Binford et al. 1987; Anselmetti et al. 2007 ) and the volcanic highlands of western Guatemala (Brezonik and Fox 1974; Poppe et al. 1985; Newhall et al. 1987) . Located on a karstified plateau at an elevation of 1,400 m, Lake Chichój is the only deep ([2 m) natural permanent lake of the central highlands ( Fig. 1 ). Caribbean and Pacific hurricanes have struck its catchment several times during the twentieth century (Fig. 2a) . The lake is also located within 2 km of the Polochic fault and 45 km from the Motagua fault, two very large faults that currently define the plate boundary between the Caribbean and North American Plates (Figs. 2b, 3; Lyon-Caen et al. 2006; Authemayou et al. 2012 ). Both faults have ruptured several times since 1520 AD, generating earthquakes reaching magnitude 7 and higher (Fig. 2b; Plafker 1976; White 1984) . We investigated the imprint of twentieth century extreme events on the lakes sedimentary record using a bathymetric survey of the lake, coring of the lake floor and providing a chronology of sediment accumulation. Facies analysis, XRF mineralogical characterization and grainsize analysis were used to discriminate source areas and triggering processes. A 210Pb and 137 Cs-based age model was used to estimate the age of the main events, which were then compared to seismological and meteorological records in order to assess the sensitivity of the lake to hurricanes and earthquakes.
Study site
Lake Chichój is composed of three basins separated by very shallow sills (Fig. 1) , the West basin being the largest (550 9 450 m) and deepest (32 m). Further east, a 5-to 10-m-deep area surrounds the delta of the Chijuljá River, the main and only perennial tributary of the lake. A 2-m-deep sill separates this central area from a second, 25-m-deep circular basin, 250 m in diameter, referred to as the Peténcito Basin for its location near the Peténcito Hill. The lake terminates to the east in a small, 16-m-deep circular depression (Eastern Hole) only 60 m in diameter. The Eastern Hole is separated from the Peténcito Basin by another 2-m-deep sill. Contrasting with the steep inner topography of the lake, flat wetlands surround the lake on almost all sides. The outflow channel initiates over the sill that separates the Peténcito Basin from the Eastern Hole. The outflow channel is straight, 2 m deep, and flows northwards for 350 m across wetlands before reaching the surrounding hills. Wetlands surround the lake on almost all sides and stretch over an area 1.3 times larger than the lake itself. They are flooded each year during high stands. The lake itself an area of 0.5 km 2 and has a volume of 4.8 ± 0.1 9 10 6 m 3 . Its level fluctuates by a few tens of centimeters from the rainy season (May-October, 300 mm month -1 ) to the dry season (November-April, 100 mm month -1 ). During intense rainy seasons (500-600 mm month -1 ), the lake surface reaches a ?1.1 m high stand, and then expands over an area delimited by a shoreline well visible on aerial photographs (Fig. 1) . The lake volume then peaks at 5.1 ± 0.1 9 10 6 m 3 . The environmental and geologic history of Lake Chichój is only documented in a handful of historical notes and in a few recent technical reports. Lake Chichój is only 1.75 km long, bordered to the north by the city of San Cristóbal Verapaz, an urban center of *12,500 inhabitants (Fig. 1) . The town was a Mayan Poqomchí settlement at the time of the Spanish conquest at around 1545 AD (Terga 1979 ). The ground below or near the lake may have experienced catastrophic collapse a few years after the Spanish conquest. The collapse would have destroyed and drowned the antique settlement of San Cristóbal-Kaj-Koj (Gage 1648), feeding legends to this day. Gage's report suffers many exaggerations, casting doubt on the validity of this testimony. An independent Spanish archive mentions that a sudden 'collapse' affected the lake area following an earthquake in 1590 AD (Viana et al. 1955 ), but spared the local church (White 1984) . In recent time deforestation, changes in agricultural practices, demographic growth, urbanization, industrialization, and destruction of wetlands promoted soil erosion, lake contamination and eutrophication (Alpizurez-Palma 1978; Arce-Canahui 1992; Mouriño et al. 1994; Alvarez-Rangel 1995; Mijangos 2000; Bettini 2011) .
The catchment of the lake is underlain by Cretaceous and Permian carbonates, as well as Jurassic fluvial deposits (Fig. 3) , all almost completely covered by thick, clay-rich tropical soils. A 84 ± 5 kyold, regionally extensive rhyolitic pumice (Los Chocoyos Formation, Drexler et al. 1980; Rose et al. 1986 ) is encountered in low topographic positions where it forms deposits 10-20 m thick (Fig. 4) . These deposits are frequently mobilized during earthquakes and hurricanes (Bucknam et al. 2001; Harp et al. 1981) , during which occasions they can represent a substantial fraction of the sediment delivered to the streams.
The most seismogenic region of Guatemala is the Cocos subduction zone, in western Guatemala. It generated several earthquakes of M s [ 7 during the twentieth century. These subduction-zone earthquakes reach Modified Mercalli Intensities (MMIs) of VIII along the volcanic arc (White et al. 2004 ), but nevertheless have caused fewer casualties than the less powerful, but much shallower upper-crustal earthquakes occurring within the volcanic arc (White and Harlow 1993; Fig. 2b ). These earthquakes are attenuated to low MMIs before reaching Lake Chichój. Much closer to the lake, the boundary between the Caribbean and North American plates has produced the most destructive earthquake of the twentieth century in Guatemala on the 4th of February 1976. It had a magnitude of 7.5 and ruptured the Motagua fault over 210 km, within 45 km of Lake Chichój. The earthquake was felt at the lake with a MMI of VI, and figure online) damaged 70 % of the adobe constructions of San Cristóbal (Espinoza et al. 1976; White 1984) .
The Caribbean-North American plate boundary only produced very few other destructive earthquakes in the twentieth century, and destructions were observed only within a few kilometers from their epicenters (Fig. 2b) . Some of these earthquakes occurred very close to Lake Chichój. The most noticeable one is the M w 5.0 Tierra Blanca earthquake, 40 km to the west of the lake, which damaged 90 % of Uspantán in October 1985. Poorly built structures and site effects (Suski et al. 2010 ) explain the high local intensity of this event (MMI VII), and its area of destruction limited to the city and its immediate surroundings. A shallow M w 5.3 earthquake occurred in 2001 10 km to the SE of the lake but did not produced any noticeable damage at the surface. No earthquake other than the great 1976 Motagua earthquake was felt in San Cristóbal with intensity higher than V during the twentieth century. In earlier centuries, however, the lake area experienced much stronger shaking. The Polochic fault, which passes within 2 km of the lake, is another major fault of the plate boundary which is believed to have generated earthquakes reaching magnitudes larger than 7 in 1815 and 1785 AD (White 1984) . (Harp et al. 1981) , 6 major fault, 7 minor fault, 8 strike-slip fault, 9 reverse fault Less information is available regarding intense rainfall events that affected the lake in the twentieth century due to the scarcity of direct meteorological records within the lake catchment, as the first local meteorological stations were only set up in 1979. The most intense recorded event is Hurricane Mitch in 1998, one of the strongest and most devastating tropical storms to have impacted Central America over the past 250 years. Events capable of producing extreme runoffs occur every 20 years in Guatemala (Lopez 1999) , but the return period of events as large as Mitch ranges between 30 and 80 years (GuerraNoriega 2010). A 300-mm-rainfall event has an expected 100 year return period in southern Guatemala (Friedel 2008) . Local storms, as well as synopticscale features such as easterly waves, fronts, and lowpressure systems can also produce intense rainfalls and generate exceptional runoff events. However, because hurricanes and tropical storms deliver 70 % of the annual rainfall in the Caribbean region (Musk 1988) and are responsible for the most intense rainfall events in Guatemala (Lopez 1999; Guerra-Noriega 2010) , we use the record of hurricane tracks (NOAA; Fig. 2a ) as the best available proxy to identify extreme rainfall events in the lake area before 1979 AD.
Methods

Bathymetric survey
The lake was mapped in 2009 using a portable Hummingbird 570 DI echo sounder. Data acquisition was performed along meridian transects located 50-80 m apart ( Fig. 1) , with a 20 m average separation between sounding points, and an absolute GPS geographical positioning accuracy of 3-5 m. Navigation was hindered by the presence of large drifting (2014) Grain size in core 09P2 was measured by laser diffractometry using a Malvern Masterizer 2000 Hydro particle size analyzer at the University of Lausanne, Switzerland. The sampling interval was kept close to the couplets rhythmicity by decreasing the sampling interval down core from 2.4 cm near the top to 0.8 cm near the bottom (average 1.5 cm). Clays were dispersed using a commercial water softener (Calgon at 40 g l -1 ) and organic debris was removed using 35 wt% hydrogen peroxide. Particle-size distributions were calculated using the software Gradistat (Blott and Pye 2001 ). An X-ray diffraction inventory of dominant mineral groups was obtained using a Thermo Xtra diffractometer at the University of Lausanne. For this latter purpose core 09P2 was sampled continuously, the thickness of the successive contiguous samples being determined by the amount of sediment necessary for each individual sample analysis (3 g). The resolution of the analysis thus increases down core, as sediment density increases, from 5 cm near the top to 0.8 mm near the base. Samples were prepared following the procedure of Kübler (1983 Kübler ( , 1987 and Adatte et al. (1996) , dried at a temperature of 60°C, and ground to a homogenous powder of particles finer than 80 lm. About 800 mg of powder were pressed at 20 bars in a powder holder covered with blotting paper. Conversion of the XRD patterns to semi-quantitative analysis was done with external standards.
Scanning electron microscopy (SEM) was performed on selected samples of dark-and light-colored laminae using a Tescan Mira LMU at University of Lausanne. Samples were dried and lyophilized, and then coated with gold. An energy dispersive X-ray spectrometer (EDS) (Oxford Instruments) was used to identify particles that best fingerprint the lake sediment sources, such as euhedral quartz, magnetite, and glass shards derived from the Los Chocoyos pumice, euhedral calcite precipitated on floating macrophytes, and framboidal pyrite produced by anaerobic bacterial activity on the lake floor.
Results
Core location and description
Three sediment cores (09P1, 09P2, 09P3) were collected in the West Basin (Fig. 1) . Core 09P1 was retrieved from a depth of 9.6 ± 1.1 m near the delta of the Chijuljá River, core 09P2 from a depth of 22.2 ± 1.0 m at the center of the basin, and core 09P3 from a depth of 19.0 ± 1.0 m in a more distal part of the basin. The following year, duplicate cores (10P11, 10P21, 10P31) were obtained at similar locations, and new ones in the Peténcito Basin (10P61 and 10P62). The topmost sediment was difficult to recover because it is extremely loose, being rich in gas and organic debris; the top of sedimentary sequence is therefore lacking in most cores. The sediment is mostly composed of mm-to cm-thick dark-light laminae couplets (facies 1, Fig. 5 ). The couplets tend to thicken towards the river delta (1-3 cm) and to thin out in the Peténcito Basin (0.5 mm). The sedimentary succession in the West Basin is similar downcore throughout the basin, allowing for stratigraphic correlation of its most outstanding layers (a, b, c). These layers are visibly thicker and coarser-grained than the laminated sediment, and fine upward like turbidites (Fig. 5) . Two types of turbidites can be distinguished based on the color: a dark-colored type (such as layer 'b'), and a light-colored type (such as layer 'c'). In the Peténcito Basin, the layering is interrupted down core at a depth of 13 cm by a 20-cm-thick deposit, termed facies 2. Facies 2 seems homogenous but actually retains faint lamination remnants. It rests itself on intensely deformed sediments (facies 3) that exhibit sub-horizontal hinges of meter-scale recumbent folds (Fig. 5) . Grain-size distribution
The grain-size distribution of the non-organic fraction in facies 1 is fairly constant, as illustrated by core 09P2 (Fig. 6a) . Clay (20-25 wt%) and silt (75-80 wt%) predominate over fine sand (5 wt% and less). We interpreted facies 1 as slow, dilute and continuous settling of fine suspended particles. A few thicker and/ or coarser-grained layers interrupt this fine layering, in particular a 4 cm-thick, dark-colored layer 'at a depth of 35 cm, and a 2-cm-thick, light-colored layer 'c' at a depth of 57 cm, intermediate in grain-size between facies 1 and layer 'b'. Thinner light-colored layers at depths of 10 cm (layer 'a') and 60 cm (layer 'd') stand out for their grain-size distribution similar to that of layer 'c'.
Mineral composition X-ray diffraction analysis of core 09P2 (Fig. 6b) indicate predominance of phyllosilicates (58 %), carbonates (23 %), and quartz (6 %), over iron oxides (3 %), feldspars (2 %) and pyrite (1 %). SEM inspection of the sediment shows that the phyllosilicate fraction is dominated by clays derived from the soils covering the carbonates. The X-ray spectrometer used during the SEM analysis reveals that the largest phyllosilicate grains are euhedral biotite flakes derived from the Los Chocoyos pumice (Fig. 7a ) and muscovite flakes reworked from the Jurassic red beds. The darker laminae of facies 1 are rich in euhedral calcite (Fig. 7d ) and plant remnants (Fig. 7b) . This calcite is known to precipitate on floating macrophytes and on the aquatic plant assemblages fringing the lake (Alpizurez-Palma 1978) . Some of the calcite may be of detrital origin and come from the poorly exposed Cretaceous and Permian carbonates of the lake catchment. Quartz comes from the Los Chocoyos pumice (euhedral crystals), and from the Jurassic red beds (polycrystalline grains). Iron oxides are mostly derived from the red soils over the carbonates, and to a lesser extent from the Jurassic red beds. The noncrystalline fraction comprises amorphous biogenic silica (diatoms, Fig. 7d ) and volcanic glass (Los b Major minerals composition of the sediment in cumulative vol% determined by X-ray diffraction Chocoyos pumice, Fig. 7a ). Pyrite is produced by microbial anaerobic decomposition of organic matter on the lake floor, where it forms framboid crystals (Fig. 7d) . The coarse-grained dark layer 'b' is enriched in carbonates and organic debris compared to the average sediment. Conversely, the light-colored layer 'c' is highly depleted in carbonates and enriched in quartz. The coarse resolution of the XRD analysis prevented analyzing the thin layers 'a' and 'd'.
Sedimentation rate inferred from the 210 Pb and 137 Cs inventories Core 09P2 displays the longest record and was therefore selected for the 210 Pb inventory. Yet its 210 Pb exc inventory is still incomplete because the core is not long enough to reach the fully supported layers older than 1835 AD (Fig. 8a) . We therefore applied a Constant-Flux, Constant-Sedimentation model (CRCS, Goldberg 1963; Krishnaswami et al. 1971) from the surface down to the base of the core to derive an average sedimentation rate of 1.27 ± 0.12 cm year -1
. The activity of 137 Cs provides an independent time benchmark (Fig. 8b) . 137 Cs is a product of atmospheric nuclear testing and accidental releases from nuclear power plants. The first fallouts of atmospheric nuclear tests occurred in the early 1950s. In the northern tropics atmospheric releases peaked in 1963 ± 2 and ended with the last atmospheric testing in the early 1980s. In core 09P2 the 137 Cs peak is encountered at a depth of 45.2 ± 0.5 cm. Assuming no loss of topmost sediment, it indicates a minimum sedimentation rate of 0.98 ± 0.01 cm year -1 after 1963 ± 1 AD, consistent with the rate based on the 210 Pb activity.
Discussion
Genesis of the lake
The circular depressions that the lake occupies are similar to the innumerous dolines of the surrounding cockpit karst. These dolines are produced by dissolution of Cretaceous and Permian limestone and dolomite. However, these dolines do not retain any similar permanent deep ([2 m) water body. The proximity of an important body of gypsum suggests that the dolines in Lake Chichój are formed by dissolution over a more impervious body of evaporites more likely to host a perennial lake (Supplementary Material 2) . The high dissolution rate of the gypsum in this tropical climate probably results in fast ground subsidence, and may help maintain a positive accommodation space in spite of high rate of sedimentation in lake, thus lengthening its lifetime. Subsidence could be continuous, or occur in increments during sudden events such as the hypothetical sixteenth century collapse thought to have destroyed the antique city of San Cristóbal-Caccój (Gage 1648; Viana et al. 1955 ).
Annual layering and twentieth century age model
The light and dark laminae in facies 1 are mostly made of clays settled out of dilute clayey to silty suspensions. A few larger particles settled with the clays, either because they stayed in suspension owing to their large surface-to-volume ratio (micas and pumice shards), or because they fell from the floating macrophyte rafts (euhedral calcite). The light-colored laminae thicken towards the Chiljuljá River delta, indicating that the river is the main source of detrital sediment. Near the river delta the lighter laminae exhibit stacked internal sub-laminations representing distinct pulses of sediment injection during the wet season (Fig. 5) . Conversely, the dark laminae are depleted in clays and are rich in organic debris and biogenic calcite (Fig. 7) , indicating limited terrigenous input during dark laminea deposition. We Varve counting indicates that core 09P2 represents 96 years, which is consistent with the non-extinction of 210 Pb exc at the base of the core. Once pinned to the 1963 ± 2 AD 137 Cs peak (Fig. 8c) , the varve model correctly predicts first and last fallouts of 137 Cs in the early 1950s and early 1980s, respectively, and is consistent with the history of 137 Cs release in the Earth's atmosphere. Propagated upcore it yields an age of 2005 ± 2 AD for the top of core 09P2. Once excluded anomalous layers 'b' and 'c', the varve counting reveals an increase in apparent sedimentation rate from a steady 0.54 cm year -1 below layer 'b', to 1.16 cm year -1 afterwards (Fig. 5c ). This apparent increase is an effect of sediment compaction; by mass, the accumulation of sediment remained constant at 0.23 g cm -1 (Fig. 5d) . The sedimentation rate increases to 1.62 cm year -1 (1.1 g cm -1 ) near the river delta, but drops considerably down to 0.56 cm year -1 further east beyond the shallow sill that separates the river delta from the Peténcito Basin.
Sensitivity of the sediment record to earthquakes
With its deep but clearly separated basins, the lake offers the opportunity to distinguish randomly produced slope failures from earthquake-triggered failures, because turbidites and slumps occurring at the same time in separate basins are almost certainly generated by earthquakes (Strasser et al. 2006; Goldfinger 2011) . Significant lake level lowering could also trigger widely distributed failures, but in spite of a possible leakage through the lake floor (Supplementary Material 1), Lake Chichój maintains a positive water balance, relatively stable lake-level, and surface outflow throughout the year (Alpizurez-Palma 1978).
Dark layer 'b' is present in all cores in the West basin (Fig. 5) . It is coarser-grained than the varved sediment of facies 1, and normally-graded (Fig. 5) . It also contains more carbonate than the average sediment (Fig. 6) . Carbonate-rich and is found all around the lake near the shoreline due to abundant biogenic calcite production and minimal terrigenous inputs (Alpizurez-Palma 1978) . We therefore interpret layer 'b' as a turbidite generated by the failure of a nearshore slope. According to the age model this event would have occurred in 1976 ± 2 years. Layer 'b' is not observed at shallow depth in the core near the river delta. The high biogenic and low terrigenous content of layer 'b' precludes that it originated in the delta region and moved away. Its absence in the delta therefore rather indicates that the turbidity currents that formed layer 'b' were not energetic enough to flow upslope as far as over the river delta.
The Peténcito Basin is separated from the West Basin by a sill only 2-m-deep that keeps it isolated from the turbidity currents of the West Basin. The Peténcito hosts its own slope failures, evidenced by facies 2 and 3 in cores 10P62 and 10P61 (Fig. 5) . The recumbent folds of facies 3 represent slide or slump deposits (Mulder and Cochonat 1996) , and are draped by a homogenized layer of disaggregated sediment (facies 2). An incomplete sequence of 20 varves seals facies 2, providing a minimum age of 1989 AD for the mass wasting event. This very dark varve sequence is similar to the most recent varves encountered in the other cores. Their high organic content reflects strong eutrophication of the lake since the 1960s (AlpizurezPalma 1978; Arce-Canahui 1992) , indicating that the event cannot be older than the 1960s.
No other mass wasting events were detected in the sediment cores, and the identified events temporally match a well-known earthquake. Among all earthquakes susceptible to have shaken the lake area (Fig. 2b) , the 1976 earthquake is by far the most powerful. It is also the only one that caused significant damage to the town of San Cristóbal. The modeled age of turbidite 'b' matches exactly the 1976 earthquake. The mass movement in the Peténcito Basin occurred between the 1960s and 1989. It could have occurred randomly, or could have been triggered by earthquakes in 1985, 1976 and 1971 , but because the 1976 earthquake was felt so strongly in San Cristóbal, and because it generated a turbidite in the West Basin, we regard it as the trigger for the mass movement in the Peténcito Basin.
Subaerial landslides were also triggered by the 1976 earthquake all over the central highlands ( Fig. 2b ; Espinoza et al. 1976 ) in areas struck with MMIs of VII and higher ( Fig. 2b ; Harp et al. 1981) . The earthquake was felt in San Cristóbal with a MMI of VI. It also triggered slope failures in Lake Chichój, 20 km beyond the mapped area of subaerial landsliding. The susceptibility of the lake sediments to mass wasting is thus similar to that of unconsolidated pumice, which collapsed under MMIs of VI in the volcanic highlands (Fig. 2b) . This is consistent with other limnological studies that have shown that the minimal MSK intensity required to trigger slope failures in lakes is VI-VII (Monecke et al. 2004) , and that an MSK of VI is required to generate soft sediment deformation structures (Hibsch et al. 1997) .
This threshold holds for Lake Chichój over the twentieth century: no other earthquake reached an intensity of VI in San Cristóbal (Fig. 2b) 
Sensitivity to large runoff events
Layer 'c' is a conspicuous graded layer, like turbidite 'b' (Fig. 5) , though finer-grained (Fig. 6a) . It is very light-colored, and enriched in detrital minerals (Fig. 6b) originating from the catchment of the lake. We interpret this layer as a flood layer deposited by hyperpycnal flows during an exceptional runoff event Gilli et al. 2013) , which according to our age model would have occurred in the 1940s (1946 ± 2 AD). The most complete list of tropical depression tracks available (NOAA 2012) reveals the passage of nine tropical storms centers within 100 km of Lake Chichój between 1910 and 2010 (Fig. 2a) . The temporally closest and most powerful storms capable of producing flood layer 'c' are, in order of decreasing probability, the transoceanic hurricane H2 on October 4-5th 1945, a tropical storm on October 23th 1943, and a transatlantic hurricane on September 29-30th, 1949.
Layer 'a', at a depth of 10 cm in core 09P2, and layer 'd', just below layer 'c', are other coarse, lightcolored layers similar to layer 'c' (Fig. 6a) . Layer 'a' temporally matches Hurricane Mitch, which shed 240-580 mm of precipitations in 4 days over the catchment of Lake Chichój (unpublished meteorological data of the Instituto Nacional de Electrificación, INDE, Guatemala). Hundreds of landslides were triggered in its area of most intense precipitation, which terminates 20 km to the SW of the lake (Bucknam et al. 2001) . No landslide occurred in the lake catchment, and this probably explains why the flood layer is so thin. Conversely, the inhabitants of San Cristóbal have kept the memory of dramatic dwelling destructions by landslides or/and debrisflows in the southwestern part of the town ''during a great flood in the 1940s''. The great thickness of layer 'c' could result from the release the sediments produced by these slope failures into the lake. The hurricanes of the 1940s are not considered regionally as intense as Mitch; therefore, rather than a much more exceptional event, the *1946 AD storm was possibly just a bit more intense than Mitch in San Cristóbal, just enough to reach the duration-intensity rainfall threshold necessary for the initiation of landsliding (Larsen and Simons 1993) . This threshold effect makes the recording of flood layers highly skewed. In addition, the value of this threshold is not constant in manmodified catchments and may be lowered by human activity (such as deforestation or urbanization). The complex water routing in the lake catchment (Supplementary Material 1), and the time at which the flooding occurs during the cycle of water stratification/homogenization of the lake can also modulate the sediment concentration in the water entering the lake, affect the generation of hyperpycnal flows (Mulder et al. 2003) , and sediment avalanching on the river delta (Wirth et al. 2011) . These complexities call for caution in establishing a relationship between flood layer thickness and storm intensity.
Conclusion
The bathymetric survey undertaken in Lake Chichój reveals that the lake occupies aligned coalescent dolines. The dolines probably result from the dissolution of a buried body of gypsum. Rapid subsidence may help keeping pace with sediment filling, allowing for the lake to persist over time. This peculiar geologic setting is unique in central Guatemala, and probably explains why Lake Chichój is the only permanent deep lake of the central highlands.
The 210 Pb and 137 Cs inventories in a short gravity core evidence high mass accumulation rates during the twentieth century, reaching 0.23 g cm -1 in the West Basin, and 1.1 g cm -1 near the main river delta. Biogenic lacustrine production and detrital influxes are equally high, and dominate in alternation between the dry and wet seasons, producing varve couplets 0.5-to 1.2-cm-thick in basinal areas, and up to 3 cm-thick near the main river delta.
The varve series is interrupted by turbiditic layers with distinct geochemical characteristics, allowing discrimination of different source areas and triggering processes. In the West Basin, varved sedimentation is interrupted by a turbidite layer, richer in carbonates and organic debris than the varved sediment produced following the failure of a slope near the shore. It is coeval to folded and homogenized sediments also generated by mass movements in the Peténcito Basin. The composition of the dark, failure-induced turbidite contrasts with that of light-colored turbidites, rich in catchment-derived detrital constituents interpreted as flood layers.
Lake Chichój lies within an array of large active tectonic faults forming the plate boundary between the North American and Caribbean Plates. The lake is located only 2 km from the Polochic fault, a major fault known to have produced large (M s 7.0-7.6) earthquakes in 1816 and 1785 (White 1984) . In the twentieth century, however the Polochic fault has only produced minor earthquakes that did not affect the lake. The turbidites and slumps discovered in the lake coincide with a large event (M w 7.5) that occurred in 1976 along the Motagua fault, 45 km south of the lake. This event was felt at the lake with a local MMI of VI. Like in other lakes worldwide, a MMI of VI is thus the threshold necessary to produce mass movements. Dramatic seismites must have been triggered by the 1815 and 1785 earthquakes produced by the Polochic fault.
Direct rainfall measurements in the lake catchment started only in 1979. It is assumed that before that date, the most intense rainfall events of the twentieth century resulted from tropical cyclonic depressions and that their record can be approximated by the tracks of the tropical storms that have struck Guatemala. Hurricane Mitch, in 1998, was the only large hurricane for which direct rainfall measurements are available, produced abundant rainfall in the lake catchment but only left a modest flood layer in the sediment record. The only prominent flood layer in the sediment record correlates to one of three hurricanes in the 1940s, which is known to have generated destructive landslides and/or debris flows in the lake catchment. It is therefore hypothesized that conspicuous flood layers are only formed when the rainfall-duration intensity threshold of landsliding is reached in the lake catchment, providing abundant sediments, high sediment concentration in the streams, and hyperpycnal flows in the lake.
The recovery of longer cores spanning a much longer time period is necessary to assess the recurrence interval of large magnitude earthquakes and hurricanes in Central Guatemala. However, due to the limited areal extent of the destructions that they generate, the study of several lakes in various locations will be necessary to accurately evaluate the hazard such phenomenon pose to the country.
